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By studying the time and spatial evolution of a spin-polarized pulse in n-type semiconductor
quantum wells, we highlight the importance of the off-diagonal spin coherence in spin diffusion and
transport. Spin oscillations and spin polarization reverse along the the direction of spin diffusion in
the absence of the applied magnetic field are predicted from our investigation.
PACS numbers: 72.25.Dc; 72.25.Rb; 71.55.Eg; 73.21.Fg
There are growing numbers of experimental and the-
oretical investigations on spin related phenomena due
to potential applications in semiconductor spintronic de-
vices such as spin filters and spin transistors.1,2,3,4,5,6,7
An important prerequisite for the realization of such de-
vices is to understand how the spin-polarized electrons
transport from one position to another. In experiment,
coherent spin propagation over a long distance has been
reported.8 Spin injections from ferromagnetic materials
into semiconductors have been extensively investigated.9
In theory most works are based on the quasi-independent
electron model and are focused on the diffusive transport
regime2,10 in which the spin polarization of the current
is controlled by the longitudinal spin dephasing through
a relaxation time approximation. There are some efforts
on investigating the spin dephasing in the spin trans-
port: Takahashi et al. calculated the spin diffusion co-
efficients by solving the kinetic equations with only the
electron-electron scattering.11 Bournel et al.12 and Saikin
et al.13 studied the spin transport in semiconductor het-
erostructures with the Rashba effect and the electron-
phonon scattering by Monte Carlo simulation. However,
in these investigations either the off-diagonal inter-spin-
band correlations ρkσ−σ = 〈c
†
kσck−σ〉 are discarded (or
not explicitly included) or the spin dephasing is simply
introduced through the relaxation time approximation.
Recently we performed a many-body investigation of
spin transport in GaAs (100) quantum wells (QW’s)
by self-consistently solving the many-body kinetic trans-
port equations together with the Poission equation. We
have explicitly taken into account the spatial inhomo-
geneity, the D’yakonov-Perel’ (DP) mechanism and all
scattering.14 In our theory, both the diagonal intra-spin-
band correlations, i.e., the electron distribution function
fkσ = 〈c
†
kσckσ〉, and the off-diagonal inter-spin-band cor-
relations ρkσ−σ are explicitly included. The spin dephas-
ing time, the spin/charge diffusion length together with
the mobility are calculated self-consistently. We further
pointed out a novel spin dephasing mechanism in the spin
diffusion/transport that the inhomogeneous broadening
due to the interference between the electrons/spins with
different momenta along the direction of the diffusion can
cause spin dephasing in the presence of the scattering
and the resulting dephasing can be more important than
the dephasing due to the DP mechanism. In this pa-
per, we further investigate the time evolution of a spin-
polarized pulse (SPP) in n-type GaAs (100) QW through
the many-body kinetic Bloch equations. We highlight
the importance of the off-diagonal spin correlations in
the spin diffusion and transport.
In n-type GaAs QW’s, the dominant spin dephasing
mechanism is the DP mechanism.15,16 By taking account
of the DP term, the kinetic Bloch equations can be writ-
ten as
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∣
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Here ρ(R,k, t) represents a single particle density ma-
trix. The diagonal elements describe the electron distri-
bution functions ρσσ(R,k, t) = fσ(R,k, t) of wave vector
k and spin σ(= ±1/2) at position R and time t. The off-
diagonal elements ρσ−σ(R,k, t) describe the inter-spin-
band correlations (coherences) for the spin coherence.
The quasi-particle energy ε¯σσ′ (R,k, t), in the presence
of a moderate magnetic field B and with the DP term15
included, reads ε¯σσ′ (R,k, t) = εkδσσ′ +
[
gµBB+ h(k)
]
·
σσσ′/2− eψ(R, t) + Σσσ′ (R,k, t), where εk = k
2/2m∗ is
the energy spectrum with m∗ denoting the electron ef-
fective mass. σ are the Pauli matrices. h(k) denotes the
effective magnetic field from the DP effect which con-
tains contributions from both the Dresselhaus17 term
2and the Rashba term.18 In this paper, we only con-
sider the Dresselhaus term which can be written as19
hx(k) = γkx(k
2
y − κ
2
z) and hy(k) = γky(κ
2
z − k
2
x) with γ
denoting the spin-orbit coupling strength20 and κ2z rep-
resenting the average of the operator −(∂/∂z)2 over the
electronic state of the lowest subband. The electric po-
tential ψ(R, t) satisfies the Poission equation
∇2Rψ(R, t) = −e
[
n(R, t)− n0(R)
]
/ǫ , (2)
where n(R, t) =
∑
σk fσ(R,k, t) is the electron den-
sity at position R and time t and n0(R) is the posi-
tive background electric charge density. Σσσ′ (R,k, t) =
−
∑
q Vqρσσ′ (R,k−q, t) is the Hartree-Fock self-energy,
with Vq standing for the Coulomb matrix element. In
2D case, Vq is given by Vq = 2πe
2/[ǫ0(q + κ)], with
κ = (2e2m∗/ǫ0)
∑
σ fσ(k = 0) being the inverse screen-
ing length. ǫ0 represents the static dielectric constant. It
is noted that if one only takes account of the diagonal ele-
ments ρσσ and neglects all the off-diagonal elements ρσ−σ
in Eq. (1), the first three terms on the left hand side of the
equation correspond to the driving terms in the classical
Boltzmann equation, modified with the DP term and the
selfenergy term from the Coulomb Hartree contribution.
∂ρ(R,k,t)
∂t |c and
∂ρ(R,k,t)
∂t |s in the Bloch equations (1) are
the coherent and scattering terms respectively. The co-
herent term describes the electron spin precession around
the applied magnetic field and the effective magnetic field
from the DP term. Its expression as well as that of the
scattering term ∂ρ(R,k,t)∂t
∣
∣∣
s
are given in detail in Refs. 14
and 21.
It is noted that by using a spin-flip time τsf to describe
the spin dephasing caused by the DP term and summing
over the momentum, one is able to derive the diffusion
equations for charge and spin densities of electrons in
the so called “mean field” approximation.2,22 However, as
pointed out in our previous papers,14 the adoption of the
“mean field” approximation removes the interference be-
tween the electrons with different momentums and thus
overlooks the inhomogeneous broadening that causes ad-
ditional spin dephasing in the spin transport. We further
point out in this paper that by using the spin-flip time
approximation, some of the most marked features of the
DP mechanism are thrown away.
We assume that at initial time t = 0 there is a SPP
centered at x = 0. The electrons are locally in equi-
librium, i.e., fσ(x,k, 0) = {exp
[
(ǫk − µσ(x))/Te
]
+1}−1,
where µσ(x) stands for the chemical potential of electrons
with spin σ at position x and is determined by the cor-
responding electron density: Nσ(x, 0) =
∑
k fσ(x,k, 0).
The shape of the initial spin pulse is assumed to be Gaus-
sian like:
∆N(x, 0) = N 1
2
(x, 0)−N− 1
2
(x, 0) = ∆N0e
−x2/δx2 , (3)
with ∆N0 and δx representing the peak and width of
the SPP respectively. We further assume that there is
no spin coherence at the initial time, ρσ−σ(x,k, 0) = 0.
This SPP can be achieved by a circularly polarized laser
pulse.
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FIG. 1: The absolute value of the spin imbalance |∆N | and
the incoherently summed spin coherence ρ vs. the position x
and the time t for the impurity free (Ni = 0) case.
By numerically solving the kinetic equations (1) to-
gether with the initial conditions and the Poission equa-
tion (2), we are able to study the temporal evolution
of the SPP with T = 200 K and B ≡ 0. A typ-
ical calculation of the spin diffusion in n-type GaAs
QW is carried out by choosing the total electron den-
sity Ne(≡ n0(R)) = 4 × 10
11 cm−2, the maximum spin
imbalance in Eq. (3) ∆N0 = 1×10
11 cm−2 and the width
of the spin pulse δx = 0.15 µm. The material parameters
are taken from Ref. 23. The absolute value of the spin
imbalance |∆N(x, t)| and the incoherently summed spin
coherence24 ρ =
∑
k |ρkσ−σ(R, t)| are plotted as func-
tions of the position x along the diffusion direction and
the time t in Fig. 1 (a) and (b) respectively for impurity
free case (Ni = 0). Here Ni denotes the impurity den-
sity. One can see from the figure that due to the strong
diffusion as well as the spin dephasing, the spin polar-
ization at the center of the spin pulse decays very fast
3initially. In the mean time, the spin coherence ρ goes
up due to the precession of spins in the presence of the
effective magnetic field of the DP term. After 10 ps, as
the diffusion becomes weaker due to the smaller spatial
gradient, the decay rate at the center of the spin signal
slows down and the spin coherence begins to decay due
to the diffusion as well as the spin dephasing. It is noted
that the spin polarization away from the center, e.g. in
the region 0.12 µm < x < 0.15 µm, first increases due to
the net spin diffusion from the center and then decays af-
ter the diffusion from the center becomes moderate. For
the region out of the initial spin pulse (x > 0.15 µm),
the combined effect of the diffusion and the dephasing
leads to more complicated behaviors. The most striking
feature of the evolution of the SPP is that the spin po-
larization can be opposite to the initial one even in the
absence of the applied magnetic field and there are oscil-
lations in the time evolution of the spin polarization at
some positions.
From Fig. 1(a) one can see that there is another peak
in the spin polarization at the positions out of the initial
spin pulse after 10 ps. However the spin polarization of
this second peak is opposite to the initial one. As the
time goes on, the second peak becomes larger due to the
decay of the first peak in the center. After 30 ps, the
heights of these two peaks are comparable. Moreover, in
the region 0.5 µm< x < 0.7 µm, there are oscillations in
the time evolution of spin polarization. The details are
shown in Fig. 2 where the densities of the electrons with
different spin Nσ(x, t) are plotted at two typical positions
x = 0.54 and 0.65 µm for the cases with (dashed curves)
and without (solid curves) impurities.
It is seen from Fig. 2(a) that at x = 0.54 µm for
impurity free case, there is no spin signal in the first
picosecond as the position is located out of the initial
spin pulse. Then the spin signal starts to build up due
to the diffusion of both the diagonal electron distribution
fσ(x,k, t) and the off-diagonal spin coherence ρkσ−σ(x, t)
from the center. With the joint effects of the DP term
as well as the diffusion, the spin signal reaches its first
peak at about 2.5 ps and then decreases. It gets a cross-
ing of spin-up and -down electron densities at 4 ps. Af-
ter that the spin-down electrons exceed the spin-up ones
and hence the spin polarization changes sign. The dif-
ference between the spin-up and -down electrons further
increases until 7 ps when the difference arrives at another
peak. The oscillations go on with the periods become
larger and larger. After the third oscillation, the period
becomes too long to observe any oscillation in the time
regime of our calculation. As a result after the last cross-
ing at 25 ps, the spin density of spin-down electrons is
larger than that of the spin-up ones and the spin polar-
ization is reversed. One can further see from the figure
that, in the regime when the polarization oscillates, the
spin coherence keeps increasing. This indicates that the
spin coherence ρ at this position mainly comes from the
diffusion from the center. It is seen from the coherent
terms of the Bloch equations that the imbalance of the
distribution functions with the opposite spin and the spin
coherence can transfer to each other by the DP effective
magnetic field. Therefore, the additional spin coherence
ρ diffused from the center induces the spin polarization
oscillations at position outside the initial spin pulse.
FIG. 2: The electron densities for different spins at (a) x =
0.54 µm and (b) x = 0.65 µm vs. time t with solid curves for
Ni = 0 and dashed ones for Ni = 0.1 Ne. The dotted curves
are the corresponding incoherently summed spin coherence at
the same position for Ni = 0 case.
It is further noted that the oscillations differ in posi-
tions. For example, as shown in Fig. 2(b), at x = 0.65 µm
(and positions farther away), the oscillations are almost
marginal but the feature that the spin polarization after
a long time is opposite to the initial one remains. More-
over it is noted that in Fig. 2(a), when the spin pulse
arrives, its polarization points to the initial one. Never-
theless, in Fig. 2(b) for positions farther away from the
initial pulse, it is interesting to see that the spin signal
arrives with spin polarization opposite to the initial one.
This is understood that at positions far away from the
4initial pulse, what diffused from the center of the spin
pulse is the off-diagonal spin coherence and the diagonal
spin imbalance is quite small already at the edge of the
initial pulse and therefore its diffusion to the outer space
is marginal. The off-diagonal spin coherence induces the
reverse of the spin polarization as what said above. This
can be seen from the fact that for t < 10 ps in Fig. 2(b),
both diagonal and off-diagonal terms increase with time.
For positions farther away from the center, the arrival of
the spin polarization also includes the diagonal compo-
nants but with the opposite spin polarization.
We now explore the effect of the impurity to the spin
diffusion. In Fig. 2 we also plot the corresponding curves
of electron densities with impurity densityNi = 0.1Ne as
dashed curves. The figure shows that the impurities dra-
matically change the behavior of the spin diffusion but
do not eliminate the spin oscillations and the reverse of
the spin polarization when time is long enough. By com-
paring the solid curves with the dashed ones it is noted
that when time is long enough, say around 100 ps, the
spin polarization for the case with impurities is always
larger than that without impurities. This is understood
that for the impurity free case, the mobility of electrons
is larger and spin polarization is easier to diffuse away
from the center. Moreover, the non-magnetic impurities
tend to retain the spin coherence. This is because the im-
purity scattering drives the electrons to a homogeneous
state in the momentum space and therefore counters the
effect of the DP term that drives the electrons to an in-
homogeneous state and leads to spin dephasing.16,21,24
A similar spin oscillation without an applied magnetic
field has been reported by Brand et al..25 Nevertheless
it is noted that it is quite different from what discussed
here. In the work of Brand et al., the spin oscillation
happens in a spacial homogeneous system. And the os-
cillation is due to the breakdown of the assumption of
the collision domination in the spin dephasing at extreme
low temperature (a few Kelvin). For temperature higher
than 10 K, the oscillation disappears as the electron col-
lision rate increases and the assumption of the collision
domination recovers. In our work, the spin oscillation
comes from the diffusion (spacial gradient) and happens
outside the initial spin pulse at very high temperature
(200 K). The origin of the spin oscillation is therefore by
no means only due to the small electron collision rates
as in the case of Brand et al., but due to the combina-
tion of the diffusion and the precession of spin signals:
At positions just outside of the initial spin pulse, the off-
diagonal spin coherences of electrons with large momen-
tums first reach there. As the DP term is proportional
to the momentum, this fraction of electrons also share
large precession frequencies. Therefore it is possible for
the spin signal to oscillate at first few picoseconds and
in the region just outside spin pulse when the collisions
do not affect the momentum of electrons dramatically.
As time passes by, the electrons with relatively smaller
momentums, consequently with smaller precession fre-
quencies, also arrive at the region where the oscillation
occurs. Therefore due to the joint effects of the diffusion
as well as the increasing impact of the collisions, the os-
cillation becomes slower and slower and totally vanishes
after a few hundred picoseconds. For the spin signals in
the center of the initial pulse there is no spin oscillation
for the temperature of our investigation. This coincides
with the results of Brand et. al.25 as well as what we
discovered in high temperature cases.21
The reverse and oscillation of the spin polarization of a
spin pulse along the diffusion in the absence of the applied
magnetic field can only be achieved when both the di-
agonal and off-diagonal terms of electron density matrix
and the precession caused by the DP term are considered.
Once the relaxation time approximation is adopted to de-
scribe the effect of the DP term or the off-diagonal term
is dropped, the spin signal at the positions outside the
initial SPP first increases due to the diffusion from the
spin pulse then decreases monotonically due to the dif-
fusion as well as the dephasing and the spin polarization
never changes the sign. This is because in the framework
of the relaxation time approximation, the most impor-
tant difference between the spin dephasing caused by the
DP mechanism and that caused by the other mechanisms
is wiped off. Other spin dephasing mechanisms such as
the Elliot-Yafet mechanism26 and the Bir-Aronov-Pikus
mechanism27 cause the spin dephasing through instanta-
neous spin-flip scattering. However, the DP term acts as
a momentum dependent magnetic field around which the
electron spins precess. This precession results in an inho-
mogeneous broadening in spin phases and leads to spin
dephasing in the presence of the scattering. In additional
to the dephasing, it is also possible that the precession
may switch the magnetic momentum in the transport
even without the applied magnetic field and in the high
temperature regime. For some special positions, the com-
bined effect of the diffusion and the precession may lead
the spin to oscillate as shown in Fig. 2.
In conclusion, we perform a study of transient spin dif-
fusion of a SPP in n-type GaAs QW’s by self-consistently
solving the full kinetic Bloch equations in which both
the diagonal terms, the distribution functions, and the
off-diagonal terms, the inter-spin-band spin coherences,
of the density matrix are included. We show that by
taking the effect of the DP term to the diagonal and off-
diagonal terms of the density matrix into account, the
spin polarization outside the initial SPP can be reversed
even without magnetic field. Moreover, for some spe-
cial positions, the spin signals oscillate with time. The
reverse and oscillations of the spin signals in spin diffu-
sion/transport at positions outside the initial spin pulse
have not been reported either theoretically or experimen-
tally for n-type semiconductors and are understood from
the diffusion of the off-diagonal terms of the electron den-
sity matrix which oscillates due to the precession of elec-
tron spins around the effective magnetic field due to the
DP effect. We also stress that these features can only
be achieved when the off-diagonal terms of the electron
density matrix are included explicitly in the theory.
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